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Abstract²This paper presents a novel design of a millimeter-
wave dual-function in-plane hollow metal waveguide to 
microstrip transition and bandpass filter based on epsilon-near-
zero (ENZ) metamaterial. A hollow metallic rectangular 
waveguide (HMRW) that operates near its cut-off frequency of 
the fundamental TE10 mode is used to mimic the ENZ 
metamaterial, allowing the wave to tunnel through the 
waveguide with an effectively infinite phase-velocity. As a 
waveguide transition, the ENZ waveguide directly interconnects 
HMRW and microstrip in the same plane with a minimum 
insertion loss of 0.7 dB at the 33.06 GHz, overcoming the 
significant impedance mismatch and geometry difference 
between HMRW and Microstrip. As a bandpass filter, the 
design has a near-flat passband with the minimum insertion loss 
of 0.7 dB and a bandwidth of 1.31 GHz centered at 32.96 GHz, 
which leads to a Q-factor of 25.17. The work offers a step 
towards a novel dual-function waveguide transition and 
bandpass filter that can be used in a variety of functional 
components for millimeter-wave multichip modules and hybrid 
integrated circuits. 
Keywords²Waveguide transition, bandpass filter, epsilon-
near-zero, metamaterial 
I. INTRODUCTION˄0.7亥˅ 
Materials with unconventional permittivity and 
permeability have attracted much attention due to their 
extraordinary electromagnetic properties. Metamaterials 
which can tailor the permittivity and permeability by using 
artificial microstructures have created the opportunity for 
designing new materials with unusual electromagnetic 
responses [1, 2]. Recently, a class of epsilon-near-zero 
metamaterials, which possesses near-zero effective refractive 
index and hence effectively zero phase variation in the 
medium, has displayed a wealth of exotic phenomena, such as 
tunneling [3, 4], enormous field enhancement [5], highly 
directive emission [6], and significant optical nonlinearity [7]. 
In nature, the ENZ behavior can be found in noble metals [8, 
9], plasmas [10], doped semiconductors [11], polar dielectrics 
[12], transparent conducting oxides [13], etc. To efficiently 
manipulate the electromagnetic wave, various artificial 
microstructures have been realized as the ENZ mediums, such 
as metal-coated waveguides near the cut-off frequency [14 - 
17], metallic nanowires array in the dielectric medium [18, 19], 
and metal-dielectric multilayer structures [20, 21]. Since the 
plasma frequencies of noble metals are in the ultraviolet 
region, it is more common to design ENZ metamaterials using 
metal-dielectric composite structures in the optical domain. 
For millimeter-wave applications, the metal-coated 
waveguides that operate near the cut-off frequency of its 
propagation modes, which displays near-zero effective 
permittivity (ߝୣ୤୤) and refractive index (݊ୣ୤୤), has been used to 
mimic those ENZ metamaterials, which is also known as ENZ 
waveguides [14].  
ENZ waveguides have extremely large phase velocities 
and consequently large guide wavelengths. Since the phase 
velocity of the ENZ waveguide is much larger than the speed 
of light, any mediums between the input and output faces of 
the ENZ waveguide can be physically far but electrically near 
and will appear to be electrically small compared with the 
wavelength. Under this condition, the electromagnetic wave 
tends to tunnel through the ENZ medium following the 
)HUPDW¶VSULQFLSOHThe ENZ waveguides have been used in 
filters [22 - 26], sensors [27 - 29], coaxial-to-waveguide 
transition [30], and antenna [31, 32]. So far, rare work been 
done on the hollow metal waveguide to microstrip transition 
based on ENZ metamaterial. To interconnect the hollow metal 
waveguide and microstrip in a compact form is of great 
interest for millimeter multichip modules and hybrid 
integrated circuits applications, as different functional 
components may use different types of host waveguides. 
Based on the tunneling effect, ENZ waveguide can 
interconnect the hollow metal waveguide and microstrip 
efficiently at selected frequency band, in spite of the 
significant impedance mismatch and geometry difference 
between these waveguides, making it an interesting alternative 
waveguide transition method to the other classic schemes 
using microstrip probe [33 - 35], patch [36, 37], fin line [38, 
39], and step matching [40, 41].  
This paper presents a Ka-band standard WR-28 hollow 
metallic rectangular waveguide to ȍmicrostrip transition 
This work was supported in part by the National Natural Science 
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using the ENZ waveguide centered at around 33 GHz. The 
minimum insertion loss is 0.7 dB occurring at 33.06 GHz. In 
the meantime, the proposed design also acts as a bandpass 
filter with a bandwidth of 1.31 GHz centered at 32.96 GHz 
ranging from 32.32 GHz to 33.63 GHz and a Q-factor of 25.17. 
The center operating frequency can be easily tuned by 
changing the H-plane width of the ENZ waveguide, and the 
Q-factor can be tuned by adjusting the E-plane height and 
length of the ENZ waveguide. The proposed novel dual-
function waveguide transition and bandpass filter may be used 
in various functional components for millimeter-wave 
applications. 
II. PRINCIPLE 
Firstly, we investigate the ENZ tunneling effect using a 
classic setup [14] which uses an ENZ narrow waveguide 
channel to connect two standard WR-28 hollow metallic 
rectangular waveguides, shown in Fig. 1(a). When the metal 
wall is set as perfect electric conductor (PEC), no Ohmic loss 
is induced in the waveguide. The propagation constant for the 
fundamental TE10 mode can be expressed as  
 ߚ ൌ ඥሺʹߨ݂ ܿΤ ሻଶ െ ሺߨ ݓΤ ሻଶ 
where ݓ is the waveguide H-plane width, ܿ is the speed of 
light, and ݂  is the operating frequency. The effective 
refractive index ݊ୣ୤୤ ൌ ߚ ݇଴Τ , where ݇଴  is the free-space 
wavenumber. The effective relative permittivity for the 
fundamental TE10 mode in an HMRW is defined as [42] 
 ߝୣ୤୤ ൌ ߝ଴ሺͳ െ ሺܿ ʹ݂ݓΤ ሻଶሻ 
At the cut-off frequency, ݂ ൌ ܿ ʹݓΤ , ߚ ൌ ݊ୣ୤୤ ൌ ߝୣ୤୤ ൌ Ͳ 
which lead to an infinite phase velocity. When the metal wall 
is treated as a lossy conductor, the propagation constant does 
not drop to zero below the ideal cut-off frequency due to the 
presence of surface evanescent wave. To fulfill the condition ܴ݁൫ߝǁ௘௙௙൯ ൌ Ͳ for a zero-permittivity medium, ݊ୣ୤୤ ൌ ݇ୣ୤୤ or 
equivalently ߙ ൌ ߚ , where ݇ୣ୤୤  is the effective extinction 
coefficient and ߙ is the attenuation constant. So, for a lossy 
waveguide, the zero permittivity happens slightly below the 
cut-off frequency, instead of at the exact ideal cut-off 
frequency, allowing ߙ ൌ ߚ.  
 In Fig. 1, hollow metallic rectangular waveguides are used 
in CST MWS simulation, and the cladding metal is set as 
copper with a fixed conductivity of 5.8×107 S/m. Fig. 1(b) 
shows that effectively tunneling between the HMRWs is 
archivable and tunneling frequency points are slightly below 
the ideal cut-off frequencies of the TE10 mode of the ENZ 
waveguide. Here, fc1, fc2, and fc3 correspond to the ideal cut-off 
frequency for w1, w2, and w3, respectively. Fig. 1(c) presents 
that the Q-factor of the transmission spectrum increases with 
the decrease of the ENZ waveguide E-plane height, at a cost 
of greater insertion loss. Besides, the tunneling frequency is 
closer to the ideal cut-off frequency (fc) when the height is 
smaller. The dependence of the transmission properties on the 
length of the ENZ waveguide is studied in Fig. 1(d). The 
longer the ENZ waveguide is, the higher the Q-factor and the 
closer the operating frequency to the ideal cut-off frequency 
are, though the insertion loss also increases with the increase 
of the ENZ waveguide length. Also, a longer ENZ waveguide 
brings the high order resonant tunneling mode closer to the 
fundamental one. In summary, one can effectively tune the 
operating frequency and Q-factor of the ENZ tunneling 
behaviors to fulfill the demands, with the insertion losses, 
fabrication difficulties, and high-order modes distortions 
being considered as potential tradeoffs.   
III.  RESULTS 
A. An ENZ Waveguide bandpass filter 
With single ENZ waveguide, there are only a few limited 
parameters to tune the transmission properties for the 
WR-28 HMRW 
ENZ waveguide 
(a) 
(b) 
(c) 
(d) 
Fig. 1. ENZ waveguide tunning effect. (1) Geometry illustration. Lossy 
copper is used as the metal walls. (2) Transmission coefficient with different 
ENZ waveguide H-plane width. The E-plane height and the length are fixed 
at 0.5 mm and 1 mm, respectively. The vertical dashed lines indicate the ideal 
cut-off frequency for the ENZ waveguide corresponding widths. (3) 
Transmission coefficient with different ENZ waveguide E-plane height. The 
H-plane width and the length are fixed at 4.8 mm and 1 mm, respectively. The 
inset shows the zoomed view around the peaks. (3) Transmission coefficient 
with different ENZ waveguide length. The width and height are fixed at 5.3 
mm and 0.25 mm, respectively. 
tunneling effect, and it is difficult to fulfill all design goals at 
the same time, such as low insertion loss and high Q-factor, as 
well as good high order transmission channel suppression. Fig. 
2(a) shows a modified design for an ENZ waveguide bandpass 
filter. A short section of standard HMRW is put in the middle 
of two ENZ waveguides as a spacer. Compared with the 
original design without a spacer, as shown in Fig. 2(b), the Q-
factor are increased and the transmission at frequencies other 
than the selected operating band is significantly suppressed, 
though the insertion loss at the passband is slightly increased 
and the operating frequency is also shifted. Interestingly, the 
spacer does not act as a resonance cavity because it is not 
shorted at the longitudinal direction due to ENZ tunneling 
effect and not standing wave is formed in it. It increases the 
Q-factor by increasing the impedance mismatch for 
frequencies other than the selected tunneling band.  
B. An HMRW to Microstrip Waveguide Transition 
Fig. 3(a) shows a waveguide transition between the 
standard WR-28 HRMW and the  microstrip utilizing the 
tunneling effect of the ENZ waveguide. The microstrip uses 
standard Rogers RT/Duroid 5880 board. The permittivity and 
the loss tangent of the dielectric substrate are 2.2 and 0.0009, 
respectively. The thicknesses for the dielectric substrate and 
the top signal line are standard 0.508 mm and 0.035 mm, 
respectively. The width for the signal track is chosen as  
1.5 mm making the line impedance for the microstrip near 50 
at 33 GHz. The effective permittivity and refractive index 
of the microstrip are 1.87 and 1.37, respectively. 
Efficient transition has been achieved around the tunneling 
point with the minimum insertion loss of 0.42 dB occurring at 
32.85 GHz. The 3 dB bandwidth is 3.85 GHz ranging from 
31.32 GHz to 35.17 GHz. It should be noted that the ENZ 
tunneling frequency point for this case occurs above the cut-
off frequency, indicating the average permittivity of overall 
ENZ channel is positive, which will be explained in the next 
section. Due to the nature of narrow transmission window of 
the ENZ waveguide, the HMRW to microstrip transition using 
single ENZ waveguide channel does not support wideband 
transmission. On the other hand, one can build a dual-function 
HMRW to microstrip and bandpass filter based on it. To 
realize a bandpass filter, it is needed to further improve the Q-
factor of the current design.  
C. Cascaded Full Structure 
To further improve the Q-factor of the waveguide 
transition leads to a cascaded full design which connects the 
ENZ waveguide bandpass filter with the above HMRW to 
microstrip waveguide transition using a shared part of 
standard WR-28 HMRW, as presented in Fig. 4(a). The stage 
I refers to the ENZ waveguide bandpass filter discussed in Fig. 
2, and the stage II refers to the HMRW to microstrip 
waveguide transition discussed in Fig. 3. The geometrical 
parameters and material properties remain the same as the 
previous designs.  
Fig. 4(b) presents the S-parameters for the full design, as 
well as the transmission coefficients for the stage I and the 
stage II for comparison purpose. As both the stage I and the 
stage II possesses a transmission window at around 33 GHz, 
the cascaded full structure also exhibits a 3 dB passband 
ranging from 32.32 GHz to 33.63 GHz, centered at  
32.96 GHz. The Q-factor is calculated to be 25.17. For the 
stage I and the stage II, the Q-factors are 27.04 and 8.62, 
respectively. Therefore, the Q-factor of the cascaded full 
design is slightly lower than that of the stage I and much 
significantly improved compared to the stage II. As discussed 
in the section II, one can further increase the Q-factor by 
increasing the length or reduce the E-plane height of the ENZ 
waveguide at a cost of increasing the insertion loss. 
Fig. 2. A modified ENZ waveguide bandpass filter. (a) Geometry 
illustration. The width, height and length of the two ENZ waveguides are 
4.385 mm, 0.508 mm, and 2 mm, respectively. A spacer is introduced in the 
middle of the ENZ waveguides to increase the Q-factor. (b) The S-
parameters, including the transmission coefficient for the original design 
without a spacer for comparison purpose. The vertical dashed line indicates 
the ideal cut-off frequency for the ENZ waveguide with w=4.385 mm. 
(a) 
WR-28 HMRW 
ENZ waveguide 
(b) 
(b) 
(a) 
WR-28 HMRW 
ENZ waveguide 
ȍ0LFURVWrip 
Fig. 3. A hollow metallic rectangular waveguide to microstrip transition. (a)  
Geometry illustration. The width, height and length of the ENZ waveguide 
are 4.86 mm, 0.508 mm, and 5 mm, respectively. (b) The S-parameters for 
the HMRW to microstrip transition. The vertical dashed line indicates the 
ideal cut-off frequency for the ENZ waveguide with w=4.86 mm. 
Alternatively, one can add a microstrip bandpass filter to the 
end of the stage II to increase the overall Q-factor. 
The minimum insertion loss of the cascaded full structure 
is 0.7 dB at 33.06 GHz. The electric field pattern and the phase 
variation along the cascaded full structure at 33.06 GHz are 
shown in Fig. 5. The fundamental TE10 mode in the standard 
WR-28 HMRW is observed to successfully transfer to the 
quasi-TEM mode in the microstrip through the ENZ 
waveguide channels.  
Fig. 5(b) presents the phase pattern along with the 
cascaded full structure, and Fig. 5(c) plots the phase variation 
along the dashed black line shown in Fig. 5(b). It can be seen 
that the phase variation in the ENZ channels I and II are near 
flat indicating a very large phase velocity and thus near-zero 
permittivity behaviors. While in the ENZ channel III, the 
phase variation is small initially which corresponds to the rise 
of the ENZ tunneling phenomenon, but the phase velocity 
decreases significantly at the end of the ENZ channel to match 
the phase velocity of the quasi-TEM mode in the microstrip 
which is close to the speed-of-light in the effective dielectric 
medium. In other words, the effective permittivity is near zero 
at the front end of the ENZ channel III and is close to the 
effective permittivity of the microstrip (1.87) at the back end, 
so the average effective refractive index is between these two 
values, which also explains why the tunneling frequency point 
is above the ideal cut-off of the ENZ waveguide as discussed 
in the Fig. 3. Since a certain distance is needed for the ENZ 
channel III so the phase velocity has enough time to change 
from the extremely large in the ENZ waveguide to the speed 
of light in the effective medium of the microstrip, if the length 
of the ENZ channel III is too short, the tunneling effect does 
not happen, while if the length is too long, the performance 
will decrease due to the increase of the insertion loss. 
IV. CONCLUSION 
This work presents a novel design of a dual-function 
HMRW to microstrip transition and bandpass filter at Ka-band 
using ENZ metamaterials. Efficient transmission is achieved 
with a minimum insertion loss of 0.7 dB at 33.06 GHz. The 
bandwidth of the passband is 1.31 GHz centered at 32.96 GHz, 
and the Q-factor is 25.17. One can adjust the Q-factor to fulfill 
the demands by changing the width, height, and length of the 
ENZ waveguide. This work offers a new alternative for the 
hollow metal waveguide to microstrip transition and is useful 
for various functional components for millimeter-wave 
applications. 
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